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Abstract The water cycle components over the Mediterranean both for current and 
future run are studied with the ensemble of CMIP3 multi-model simulations and 
with the Japan Meteorological Agency’s 20 km grid global climate model. Results 
from the JMA model are compared to the CMIP3 ensemble model (here after 
Mariotti). CMIP3 results are surprisingly close to JMAs. The projected mean annual 
change rate of precipitation (P) between future and current run for sea and land, are 
−11% and −10%, respectively in the JMA run, not as high as Mariotti’s. Projected 
changes for evaporation (E) are +9.3% and −3.6%, compared to +7.2% and −8.1% 
in Mariotti’s study. However, no significant difference of change in P–E over the sea 
body is found between these two studies. The increased E over the eastern 
Mediterranean was found higher than the western Mediterranean, but the P decrease 
is lower. The net moisture budget, P-E, shows that the eastern Mediterranean will 
become even drier than the western Mediterranean. The river model suggests 
significant decreases in water inflow to the Mediterranean of about 36% in the JMA 
run (excluding the Nile). The Palmer Drought Severity Index (PDSI), which reflects 
the combined effects of precipitation and surface air temperature (Ts) changes, 
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shows a progressive and substantial drying of Mediterranean land surface over this 
region since 1900 (−0.2 PDSI units/decade) consistent with a decrease in precipita-
tion and an increase in surface temperature, Ts (not shown). The last chapter reports 
on five climate model projections of changes in aspects of the hydrological cycle for 
the Mediterranean region. Three of these models have an interactive Mediterranean 
Sea, and two are versions of the Met Office Hadley Centre regional model with dif-
ferent land surface schemes. The focus is upon changes in evapotranspiration, and 
how these changes could be important in controlling available renewable water 
resources (runoff). Rainfall is projected to decline across large areas by over 20% in 
all of the models, although in the Météo-France model, the central part of the north-
ern Mediterranean domain, such as over southern Italy and Greece, has areas of 
increase as well as decrease. In pockets of Turkey, the eastern Mediterranean, Italy 
and Spain, projections from the MPI, HadRM3-MOSES2, HadRM3-MOSES1 and 
ENEA models are for decreases in summer rainfall of 50% or more. Consistent with 
the global model projections, each of the five high-resolution models simulate 
higher temperatures and reduced evapotranspiration and precipitation for much of 
the Mediterranean region by the middle of this century. The strongest and most 
widespread reductions in precipitation projected to occur in the spring and summer 
seasons, while reductions in evapotranspiration are most severe in summer.

Keywords Mediterranean • Water cycle • Super- High-Resolution Climate Model 
• Rivers • Global Warming • Evapotranspiration • Water budget

8.1  Long-Term Changes in Mediterranean Sea Water Cycle: 
Observed and Projected

8.1.1  Introduction

In view of the semi-enclosed nature of the Mediterranean/Black Sea system, con-
nected to the Atlantic Ocean via the Strait of Gibraltar, and the semi-arid/arid condi-
tions in land regions downstream of Mediterranean moisture fluxes, the impacts of 
changes in the Mediterranean Sea water cycle may be substantial. For example, 
increases in sea evaporation (the biggest single component of Mediterranean water 
cycle) and fresh water loss affect the salt, water and energy budgets with potentially 
important implications for Mediterranean Sea salinity (note that Mediterranean Sea 
salinity is among the highest globally), circulation and sea-level (e.g. Skliris et al. 
2007; Tsimplis et al. 2008) and Atlantic circulation via changes in Gibraltar water 
fluxes (Lozier and Stewart 2008; Millot et al. 2006; Potter and Lozier 2004; Reid 
1979). Additionally, an increase in evaporation (i.e. due to the amount of moisture 
the Mediterranean Sea injected into the overlying atmosphere) can enhance moisture 
fluxes to downstream regions, potentially affecting precipitation there (e.g. in the 
Sahel Jung et al. (2006)).
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8 The Hydrological Cycle of the Mediterranean

In spite of their importance, changes in sea evaporation and sea-surface fresh 
water fluxes (potentially a combination of precipitation and evaporation changes) 
in recent past, are yet to be quantified. A number of previous studies have indicated 
a long-term increase in Western Mediterranean Deep Water salinity and tempera-
tures during the latter half of the twentieth century (e.g. Bethoux et al. 1998; 
Krahmann 1998; Rixen et al. 2005). Several of these studies have evidenced the 
linkage between this salinity increase and the long-term decrease in Mediterranean 
precipitation during the period mid-1970s to early-1990s, primarily in connection 
with the decadal variations of the North Atlantic Oscillation (Hurrell 1995; Mariotti 
et al. 2002). Long-term salinity increase has also been connected to a reduction in 
river discharge (e.g. damming of the Nile River in the 1960s) and Black Sea fresh 
water inputs (Rohling and Bryden 1992; Skliris et al. 2007). Interannual evapora-
tion anomalies and associated cooling have been identified as a key factor in the 
Eastern Mediterranean Transient event of 1991–1993 (Josey 2003; Roether et al. 
2007). However, decadal evaporation changes over the Mediterranean Sea are still 
virtually unknown, as previous attempts were limited by data availability  
(e.g. Krahmann 1998; Mariotti et al. 2002). In fact, both oceanic precipitation and 
evaporation estimates and their interdecadal variability have remained long elusive 
in the absence of suitable climatic datasets. Substantial data developments in the last 
decade, with some datasets now going back 25 years or more, have brought major 
new opportunities to investigate long-term water cycle variability in oceanic regions 
(e.g. Adler et al. 2003; Wentz et al. 2007; Yu 2007; Yu and Weller 2007).

A better picture and understanding of recent past long-term water cycle changes 
in the Mediterranean region is urgently needed as projections of future global cli-
mate change indicate major changes for this region in particular as a “Hot Spot” in 
hydrological change (IPCC 2007a). A number of investigations indicate significant 
impacts on both mean precipitation and variability (Gibelin and Deque 2003; Giorgi 
2006; Giorgi and Lionello 2008; Sheffield and Wood 2008; Ulbrich et al. 2006). 
However, the combined effects of future precipitation decrease and increasing sur-
face temperature on Mediterranean water cycle, and in particular the impact on 
Mediterranean Sea water budget, are less well known. Here we present results from 
a couple recent studies investigating future changes in Mediterranean Sea water 
cycle, and observed past recent long-term changes performed in the framework of 
CIRCE (Mariotti et al. 2008; Mariotti 2010). In the first of these studies, the World 
Climate Research Program Coupled Model Intercomparison Project Phase 3 
(CMIP3 hereafter) multi-model projections are used to show how individual hydro-
climatic changes will concur to determine even greater alterations of future 
Mediterranean water cycle characteristics, with contrasting behavior over land and 
the Mediterranean Sea. Results focus on the “transition phase” from recent past 
conditions to the much drier conditions expected at the end of the twenty-first cen-
tury. Finally, an observational analysis explores regional long-term global water 
cycle changes exploiting recent progress in data availability (Mariotti 2010). The 
focus is on the combined effects of precipitation and evaporation changes on 
Mediterranean water cycle. A major question which this investigation addresses is 
whether the behavior observed during the last few decades is consistent with the 
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a

b

Fig. 8.1 Mediterranean water cycle anomalies over the period 1900–2100 relative to 1950–2000. 
Area-averaged evaporation (brown), precipitation (blue) and precipitation minus evaporation 
(black; P-E) are based on an average of CMIP3 model runs. For P-E, the envelope of individual 
model anomalies and the 1 standard deviation interval around the ensemble mean are also shown 
(light grey and dark grey shading respectively). Data are 6-years running means of annual mean 
area-averages over the box of Fig. 8.3 broadly defining the Mediterranean region. (Panel a) Land-
only. (Panel b) Sea-only. Focus periods are highlighted (yellow) (From Mariotti et al. (2008))



8 The Hydrological Cycle of the Mediterranean

“transition” phase suggested by the CMIP3 simulations for the Mediterranean as a 
pathway toward future projected changes. An overview of key results from these 
studies is offered here; the reader is referred to the original publications for further 
information regarding data and methodologies.

8.1.2  Simulated and Projected Mediterranean Water Cycle Changes

An ensemble of CMIP3 multi-model simulations shows a progressive decrease in 
rainfall in the Mediterranean region that has been on-going during the twentieth 
century (−0.007 mm/d per decade) and accelerates around the turn of the twenty-
first century, followed by rapid drying from 2020 and onwards (Fig. 8.1; −0.02 mm/d 
per decade).

Projected changes would cause Mediterranean land regions to become gradually 
more arid, with roughly 15% less precipitation in 2070–2099 compared to 1950–
2000, and an 8% decrease already by 2020–2049 (see Table 8.1).

The amplitude of the mean change foreseen by 2020–2049 (about 0.1 mm/d) is 
comparable to that of the driest spells experienced by the region during the twenti-
eth century (see Figs. 8.1 and 8.4). Since the multi-model ensemble average has 
internal variability with reduced amplitude, the actual variability, with multi-year 
droughts and pluvials, would cause greater changes than those depicted by the 
ensemble mean. As precipitation is the main driver of land surface hydrological 
cycle, other major hydrological indicators would also change correspondingly. Soil 
moisture progressively decreases (similar results were found by Gibelin and Deque 
(2003); so would runoff and river discharge, reducing the water available for irrigation 

Table 8.1 Mediterranean averaged precipitation (P), evaporation (E) 
and precipitation minus evaporation (P–E) anomalies in 2070–2099 
relative to 1950–2000

P E P–E

(a) Land
Annual −15.5%/−0.17 −8.1%/−0.08 −0.09
Wet −9.7%/−0.12 −1.5%/−0.01 −19.6%/−0.11
Dry −23.6%/−0.21 −11.8%/−0.14 −23.4%/−0.07

(b) Sea
Annual −15.0%/−0.19 7.2%/0.21 −24.2%/−0.41
Wet −11.6%/−0.22 7.5%/0.26 −29.6%/−0.48
Dry −23.8%/−0.17 6.7%/0.17 −19.2%/−0.34

(Part a) Land-only. (Part b) Sea-only. In each column: annual, “wet” 
and “dry” mean anomalies based on an average of CMIP3 model runs; 
relative (%; left) and absolute (mm/day; right) values are reported 
(annual P-E anomaly over land is absolute value only) (From Mariotti 
et al. (2008))
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and other uses. Because of the drier land surface, evapotranspiration (evaporation 
hereafter) would also decrease but, as increased surface temperature favors higher 
evaporation, the rate would be half that of precipitation. By 2070–2099, effective 
precipitation (P-E) decrease over land is about −0.09 mm/d (−0.01 mm/d per 
decade).

While the drying on land is large, the projection over the Mediterranean Sea is 
even more dramatic. Unlike the surrounding land region where evaporation 
decreases, the precipitation reduction over the Sea is accompanied by a roughly 
equal increase in evaporation due to increased sea surface temperature (ultimately 
due to more energy input from greenhouse warming). As a result, a 24% (0.4 mm/d) 
increase in the loss of freshwater (E–P) at the sea surface is projected towards the 
end of the twenty-first century. This change is large, roughly equal to what is typi-
cally received in total by the Mediterranean Sea on an annual basis as discharge 
from neighboring land and as inflow from the Black Sea (Mariotti et al. 2002). 
Currently a main freshwater source to the southeastern Mediterranean, the Black 
Sea inflow may also change as it will receive less fresh water at the surface. As a 
result, the freshwater deficit which already characterizes the Mediterranean Sea 
would significantly increase, with a cumulative freshwater deficit by 2100 of 
1.54 × 108 m3 (trend is −0.045 mm/d per decade). This would be further exacerbated 
by the decrease in river discharge from surrounding regions (cumulative decrease is 
2.54 × 107 m3). As in the past, this can have important implications for the 
Mediterranean Sea (Rohling and Hilgen 1991). Overall, the increase in the Sea’s 
freshwater deficit would contribute to increase salinity. The degree of the salinity 
increase would depend on the strength of the fresh water input from the Atlantic 
Ocean at the Gibraltar Strait.

Climate change projections typically suffer from major uncertainties with mod-
els often not even agreeing on the direction of change (IPCC 2007a), but model 
consistency regarding twenty-first century Mediterranean water cycle change is 
among the highest. Most models show a decrease in P-E already by 2020–2049, all 
by 2070–2099 (Fig. 8.1). By 2070–2099, all models show a decrease in precipita-
tion and an increase in evaporation over the Sea; most show a more moderate 
decrease in evaporation on land. Fresh water deficit increase over the Sea is esti-
mated between −0.25 and −0.55 mm/d. A recent study in the framework of the 
ENSEMBLES project based on regional climate model projections also finds 
broadly similar results (Sanchez-Gomez et al. 2009).

In CMIP3 simulations, precipitation is projected to decrease throughout the year 
and particularly during the dry season (Fig. 8.2; about −10 and −23% for the wet 
and dry seasons, respectively; see Table 8.1).

In contrast, most of the land evaporation decrease occurs during the summer dry 
season (−12%) when land-surface aridity will be greatest. The combination of these 
changes results in a decrease in effective precipitation that is similar during the wet 
and dry seasons (about 20%). Over the Sea, freshwater deficit would increase 
throughout the year and particularly during the wet season when evaporation 
increase is at a maximum (about 7%).
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a

b

Fig. 8.2 Mediterranean water cycle in 2070–2099 (dashed) compared to the 1950–2000 period (solid) 
based on an average of CMIP3 model simulations. Shown are the seasonal cycles of evaporation 
(brown), precipitation (blue) and precipitation minus evaporation (black). For each, grey shading depicts 
the envelope of individual model anomalies. (a) Land-only (b) Sea-only (From Mariotti et al. (2008))
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8.1.3  Observed Twentieth Century Changes

CMIP3 simulations for the twentieth century suggest that the impact of greenhouse 
gases (GHG) increase (IPCC 2007a) may have already been manifesting itself in the 
Mediterranean region as a tendency toward drier and warmer conditions (Fig. 8.1). 
In this and following sections, diverse observational water cycle data is analyzed to 
compare CMIP3-simulated twentieth century GHG forced changes with observa-
tions, keeping in mind that natural (or internal) variability together with GHG 
increase may have contributed to observed variations.

Considering linear trends over the course of the twentieth century, a weak albeit 
significant long-term negative precipitation trend is found in both GHCN and DAI 
land data over the Mediterranean region (for GHCN this is −0.005 +/− 0.003 mm/d 
per decade; see Table 8.2 and Fig. 8.3); instead, CRU/PRECL data shows no trend, 
likely an artifact from combining two datasets. CMIP3 simulated precipitation trend 
is somewhat higher than that from GHCN or DAI data, possibly suggesting a ten-
dency for the models to exaggerate future precipitation decrease. In all datasets, 
winter season precipitation shows a major downward deviation over the period 
1960–2004 (−0.09 +/− 0.02 mm/d per decade), with interdecadal variations (a 
decrease during the period mid-1960s to early-1990s and an increase after that) 
largely related to the behavior of the North Atlantic Oscillation (Hurrell 1995). Dry 
season negative trends over the period 1950–2000 have also been observed in rela-
tion to a blocking-like pattern deflecting storms away from much of western and 
southern Europe (Pal et al. 2004).

The combination of the evaporation and precipitation changes described in 
previous sections resulted in significant long-term changes in Mediterranean Sea 
surface fresh water fluxes during the period 1958–2006 (Fig. 8.4).

Estimates based on OAFlux/REOFS suggest a substantial increase in E–P over 
this period (~0.5 mm/d in total). Considering the 1979–2006 sub-period, E–P rate 
of increase is estimated 0.1–0.3 mm/d per decade (see Table 8.3; estimates are 
mostly statistically consistent).

The E–P increase during the 1980s is primarily driven by the decrease in precipi-
tation during this period. Similarly, the “dip” in E–P during the mid-1990s is also 
precipitation-driven, and is depicted quite consistently across data sources. In contrast, 
the most recent E–P increase is dominated by evaporation increase. The observational 

Table 8.2 Long-term trends in Mediterranean-averaged land-precipitation (P) and precipitation 
minus evaporation (P–E) for the periods 1900–2007, 2000–2050 and 2000–2099

1900–2007 2000–2050 2000–2099

P
obs

−0.0048 +/− 0.0028 − −
P

mod
−0.0072 +/− 0.0007 −0.0201 +/− 0.0019 −0.0191 +/− 0.007

P-E
mod

 (land) −0.0026 +/− 0.0004 −0.0103 +/− 0.0012 −0.0101 +/− 0.0004
P-E

mod
 (sea) −0.0026 +/− 0.0009 −0.0389 +/− 0.0024 −0.0542 +/− 0.0010

These are based on GHCN precipitation (P
obs

), an average of CMIP3 model-runs for land-
precipitation (P

mod
) and P-E (P-E

mod
) averaged separately over land and sea. 95% confidence 

intervals are shown (From Mariotti et al. (2008))
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8 The Hydrological Cycle of the Mediterranean

a

b

c

Fig. 8.3 Mediterranean water cycle changes observed during the twentieth century relative to the 
period 1950–2000. Area-averaged annual mean precipitation anomalies (6-years running means) 
from various datasets (panel a; mm/d) and PDSI (panel b; a.u.); discharge anomalies (units are % 
of climatology) for various Mediterranean rivers (panel c). Due to data availability, discharge 
anomalies are relative to the 1960–1980 period (From Mariotti et al. (2008))
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E–P results discussed here are broadly consistent with those from the CMIP3 simu-
lations, with an overall tendency for Mediterranean E–P to increase during 1958–
2006. However, CMIP3 E–P anomalies are about one order of magnitude smaller 
than observed.

During 1979–2006, annual mean E–P increased everywhere in the Mediterranean 
Sea and most substantially in the Ligurian Sea, Adriatic Sea and parts of Southeastern 
Mediterranean (up to 0.4–0.5 mm/d per decade based on OAFlux and GCPC esti-
mates; not shown). Increases of 0.2–0.3 mm/d per decade were widespread. October 
to March means shows a similar pattern of increase but rates of increase are much 
higher (over 0.5 mm/d per decade) in vast parts of the Mediterranean. A similar 
analysis based on NOCS/GPCP, gives E–P trend patterns that are consistent with 
those described above except rates of change are generally more modest (maximum 
annual rates are 0.3–0.4 mm/d per decade).

In addition to the increase in sea-surface fresh water deficit described above, 
there is also evidence of a decrease in runoff into the Mediterranean Sea. The Palmer 
Drought Severity Index (PDSI), which reflects the combined effects of precipitation 
and surface temperature changes, shows a progressive and substantial drying of 

Fig. 8.4 Observed decadal variations in Mediterranean Sea air-sea fresh water fluxes over the 
period 1958–2007. Shown are 6-year running means of area-averaged evaporation minus precipi-
tation (E–P) anomalies relative to the period 1988–2000 (lines). Various observational sources are 
used (see legends; left hand scale). E–P estimates are derived combining precipitation estimates 
(PRECL, CRU and GHCN are land-only averages for the region surrounding the Mediterranean 
Sea; REOFS, GPCP and REMSS are Mediterranean Sea-only averages) with evaporation esti-
mates (OAFlux, NOCS, HOAPS, REMSS, GSSTF). Annual mean values are also displayed (sym-
bols) based on GPCP precipitation and OAFlux evaporation.CMIP3 models’ ensemble running 
mean averages are also displayed (grey line; note different scale at right). Units are mm/d (Adapted 
from Mariotti (2010))
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8 The Hydrological Cycle of the Mediterranean

Mediterranean land surface over this region since 1900 (−0.2 PDSI units/decade) 
consistent with a decrease in precipitation and an increase in Ts (not shown). 
The interdecadal fluctuations are similar to those of precipitation, with wetter 1960s 
compared to the drier 1940s. Consistently, a number of Mediterranean rivers for 
which long-time series are available also show long-term decreases in discharge 
during the twentieth century. While such decrease could be in part due to intensified 
water use (time-series were not naturalized), we suspect an important contribution 
from the general drying trend suggested by the PDSI.

8.2  Evaluation of Atmospheric Moisture Budget for the Recent 
Climate Based on Super High-Resolution JMA Model

8.2.1  Introduction

The Mediterranean Sea is a marginal and semi-enclosed sea. It is located in a tran-
sitional zone, where both mid-latitude and tropical dynamics play an important role 
(Alpert et al. 1990). The complex topography over the Mediterranean region yields 
a unique climate within this small area with steep gradients. Lack of water is a 
specific feature over this densely populated region, particularly over the Middle 

Table 8.3 Linear trends of annual mean evaporation (E), precipitation (P) 
and E–P (Parts a–c, respectively) for the periods 1958–2006 and 1979–2006 
(mm/d per decade) using various data sources. Statistically significant results 
are in italic bold (From Mariotti (2010))

1958–2006 1979–2006

a E
OAF lux 0.063 ± 0.039 0.235 ± 0.073
NOCS – 0.107 ± 0.058
CMIP3 0.003 ± 0.004 0.011 ± 0.007

b P
GPCP – −0.046 ± 0.084
REOFS −0.041 ± 0.032 0.007 ± 0.078
CRU −0.031 ± 0.023 −0.021 ± 0.071
PRECL −0.036 ± 0.018 −0.033 ± 0.044
GHCN −0.018 ± 0.025 0.006 ± 0.052
CMIP3 −0.011 ± 0.006 −0.009 ± 0.016

c E–P
OAFlux/GPCP – 0.276 ± 0.077
OAFlux/REOFS 0.104 ± 0.046 0.228 ± 0.097
NOCS/GPCP – 0.148 ± 0.090
NOCS/REOFS – 0.100 ± 0.095
CMIP3 0.014 ± 0.006 0.019 ± 0.014
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East region. The trend of global warming makes the topic of water resources 
particularly sensitive over the Mediterranean (Ziv et al. 2005), as also reported by 
the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report 
(AR4) (IPCC 2007a). Therefore, a better understanding of the distribution of the 
atmospheric moisture budget components over this region is of great significance.

The dynamic factors which influence the moisture fields over the Mediterranean 
region are complicated. Except the regional small synoptic scale factors, earlier 
studies have shown that the climate of the Mediterranean region has significant 
teleconnections, such as the El Niño Southern Oscillation (ENSO) (Fraedrich 1994; 
Price et al. 1998; Diaz et al. 2001); variabilities of South Asian Monsoon and Africa 
Monsoon (Reddaway and Bigg 1996; Rodwell and Hoskins 1996; Chou and Neelin 
2003; Ziv et al. 2004), as well as the large increase in Red-Sea trough frequencies 
(Alpert et al. 2004) and also Tropical Cyclones (Krichak et al. 2004). To better 
encompass all the factors into consideration, the climate model is an essential tool 
to study the future moisture budget and the water cycle changes over this area. 
Several studies concerning the climate change over the Mediterranean region based 
on several climate models have been carried out recently (Gibelin and Deque 2003; 
Alpert et al. 2008; Giorgi and Lionello 2008; Mariotti et al. 2008). Mariotti et al. 
(2008) (here after, MARIO) studied the water cycle changes over the Mediterranean 
region, by using data from the multi-model projections of the World Climate 
Research Program/Coupled Model Intercomparison Project Phase 3 (WCRP/
CMIP3). They concluded that a transition to a drier twenty-first century is expected 
over the Mediterranean region, the result is also consistent with Seager et al. (2007) 
employing ensemble climate models. However, nearly all of the model data 
employed for the future climate studies are coarse resolution, with a typical hori-
zontal spatial resolution greater than 100–200 km. Therefore, it is quite interesting 
to compare these results with a super-high resolution global grid climate model.

This study aims to perform a comparison study of the changes in the future 
moisture budget components over the Mediterranean region between MARIO 
results and those from a super-high resolution global climate model. Also, a brief 
study of predicted changes of Mediterranean Sea water discharge by using a river 
model is described.

8.2.2  Data and Methodology

8.2.2.1  The Super-High Resolution Global Climate Model (GCM)

To study the climate changes over the Mediterranean region, a super-high resolution 
20 km grid GCM developed at the Meteorological Research Institute (MRI) of the 
Japan Meteorological Agency (JMA), was employed. It is a climate-model version 
of the operational numerical weather prediction model used in the JMA. A detailed 
description of the model is given in Mizuta et al. (2006). The two runs of the 20 km 
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8 The Hydrological Cycle of the Mediterranean

GCM cover the time periods 1979–2007 for current/control and 2075–2099 for the 
future. The control run used the observed monthly sea surface temperatures (SST) 
and sea-ice distribution, while the future run used the SST and sea-ice concentration 
anomalies of the multi-model ensemble projected by CMIP3 under the Special 
Report on Emission Scenario (SRES) A1B emission scenario. Details of the method 
are found in Mizuta et al. (2008). The JMA 20 km GCM data have been validated 
against past climate over the Middle East as well as over the Mediterranean region, 
details can be found in Kitoh et al. (2008a).

8.2.2.2  The River Model

The river flow model in this study is the Global River flow model using the Total 
Runoff Integrating Pathways (TRIP) (GRiveT) developed at the MRI. TRIP is a 
global river channel network in a 0.5° by 0.5° grid originally designed by Oki 
and Sud (1998). The effective flow velocity is set at 0.40 m/s for all rivers fol-
lowing studies that use flow velocities ranging from 0.3 to 0.5 m/s (Oki et al. 
1999). It should be noted here that flow velocities are not constant and can vary 
widely from 0.15 to 2.1 m/s (Arora and Boer 1999). In the process of simula-
tion, GRiveT distributes the runoff water on the model grids into TRIP grids 
with a weight that is estimated by the ratio of the overlaid area on both grids. 
GRiveT then transports the runoff water to the river outlet along the river chan-
nel through TRIP. It should be emphasized that GRiveT does not account for 
any human consumption, i.e. irrigation, dam or natural losses, i.e. infiltration, of 
the river water, which might cause some differences between the model and the 
observed river flow, as noted, for instance, with the Nile river flow in Egypt as 
analyzed later.

Two time periods monthly mean of the climatological river model data were 
investigated in this study: the control/current run (1979–2003) and the future pro-
jection (2075–2099).

8.2.2.3  Study Area and Season

Following MARIO, a domain that covers the Mediterranean, Middle East, Europe 
and North Africa, was selected to investigate the large scale moisture budget com-
ponents changes. It was defined by the latitude 20°–60°N and longitude 20°W–70°E 
with a total area approximately 3.1 × 107 km2. The Mediterranean Sea covers the 
domain 10°W–40°E and 28°N–47°N with the total area of water body of about 
2.5 × 106 km2. In addition, the Mediterranean Sea was sub-divided into the west 
and east of Mediterranean Sea region at the 15°E longitudinal line in order to 
study moisture budget for the two sub-basins separately. The wet season was 
defined as from October to March, and the rest of the year (April to September) as 
the dry season.
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8.2.3  Results and Discussions

8.2.3.1  Seasonal Moisture Fields Changes over the Large Domain

The seasonal change of the area mean evaporation (E), Precipitation (P) and P-E 
between the future and control runs (future minus control) over the large domain 
results based on the 20 km GCM are shown in Fig. 8.5.

In general, our results are very close to those of MARIO. During the wet season 
(left panels), three belts of changing precipitation can be identified clearly from south 
to north (Fig. 8.5a), which are with no significant change, decrease and increase of 
precipitation. These three belts are located below 30°N, 30°–42°N and above 42°N, 
respectively. The peak of precipitation decrease is located at the northern boundary 
of eastern Mediterranean Sea with a magnitude of over 0.5 mm/day (about 100 mm/
season). Jin et al. (2009) investigated the moisture budget over the Middle East by 

Fig. 8.5 Mediterranean water cycle changes by 2075–2099 compared to 1979–2007 for the ‘wet’ 
and ‘dry’ seasons based on MRI 20 km GCM. Precipitation (a) and (b), evaporation (c) and (d), 
and precipitation minus evaporation (e) and (f). Unit: mm/day. The box broadly depicts the western 
and eastern Mediterranean region
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8 The Hydrological Cycle of the Mediterranean

using 20 km GCM data, and demonstrated that the 20 km GCM credibly simulates 
the current precipitation regime over the eastern Mediterranean region.

Comparing the present and future simulations, during the dry season, as com-
pared with the wet season, the belt of precipitation decreases moves a bit to the north 
(Fig. 8.5b), probably due to the northward shift of Hadley Cell. Detailed discussion 
of poleward widening of the Hadley Cell based on the different datasets can be found 
in Held and Soden (2006), Lu et al. (2007) and Johanson and Fu (2009). They also 
discussed some differences in the Hadley Cell expansion as seen in the observations 
and reanalysis data. This causes most of the southern and central European countries, 
which are adjacent to the Mediterranean Sea, to become drier in summer season in 
the future. For the change of the evaporation, E, both wet and dry seasons show a 
similar pattern (Fig. 8.5c, d). However, a significant difference can be found over the 
north Mediterranean coast, i.e. an increasing E during the wet season (Fig. 8.5c) but 
decreasing E during the dry season (Fig. 8.5d). As expected, all the water bodies 
show evaporation increases consistent with the sea surface temperature and air tem-
perature increases, based on A1B emission scenario. The change of the net moisture 
budget, i.e. P-E, for both wet and dry seasons, shows that the Mediterranean Sea 
becomes drier (Fig. 8.5e, f). A major difference is that, the P-E is projected to decrease 
during the wet season, but increase during the dry season over the north Mediterranean 
coast. This could be the consequence of changes in E over the same area as discussed 
above. This finding cannot be identified in MARIO. In addition, limited by the spa-
tial resolution, the change of P, E and P-E for the famous “fertile crescent” which is 
located at the Middle East, can be easily identified in the 20 km GCM, but is not clear 
in MARIO, as earlier suggested by Kitoh et al. (2008a).

Table 8.4 shows the projected future changes of the mean P, E and P-E, separated 
for annual, wet and dry seasons, and also for the land and sea bodies over the 
Mediterranean region. When compared with MARIO (MARIO results are in paren-
theses), the annual changes of P for sea and land from 20 km GCM are −11% 
(−15%) and −10% (−15.5%) respectively. The smaller decreases in P in this study 
are perhaps due to the different time periods for the control run used between these 
two studies, which are 1979–2007 and 1950–2000, respectively. Indeed the climatic 
period of 1950–1979 was somewhat different than the more recent decades due to 
inter-decadal variations.

Table 8.4 Mediterranean mean evaporation (E), precipitation (P) and precipitation minus evapo-
ration (P–E) anomalies in future (2075–2099) relative to current (1979–2007) separated by the sea 
and land areas

Area Parameters Annual Wet season Dry season

Sea E 9.3%/0.35 5.7%/0.24 13.6%/0.45
P −11%/−0.19 −10%/−0.24 −11.4%/−0.12
P–E −26.2%/−0.54 −25.4%/−0.48 −25.4%/−0.57

Land E −3.6%/−0.04 1.4%/0.01 −5.8%/−0.09
P −10%/−0.14 −10%/−0.14 −9.2%/−0.12
P–E −43.5%/−0.10 −21.7%/−0.15 −13%/−0.03

In each column, relative (%, left) and absolute (mm/day, right) values are reported based on a 
20 km global climate model
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The annual changes of E for sea and land areas are 9.3% (7.2%) and −3.6% 
(−8.1%). The reason for the big difference in E–changes over land between these 
two studies might be the different features of models used in each study. However, 
the annual projected changes of P-E for the sea body is quite close, i.e., −26% 
(−24%). For the wet season, the projected changes of P, E and P-E in these two stud-
ies agree quite well, both qualitatively and quantitatively, except for the change of E 
over the land area. For the dry season, in contrast, there are distinct differences in 
the projected changes of E and P. These differences also result in the annual differ-
ences between these two studies as discussed above. Another factor contributing to 
the differences between the two studies comes certainly from the very different 
spatial resolutions of the models. However, it is hard to figure out explicitly which 
factor is the key one in determining these differences.

8.2.3.2  Changes of Monthly Running Means of E, P and P-E Over the 
Mediterranean

Figure 8.6 shows the seasonal cycle (3 months running mean) of E, P and P-E for the 
sea and land areas separately. Again, the results generally fit MARIOs, especially for 
the sea area (Fig. 8.6a). However, there are some interesting differences. For instance, 
the simulated summer P over the land area from the 20 km model is larger than that 
of MARIO, by a factor of about two (Fig. 8.6b). The same analysis by using the cli-
mate research unit (CRU) data, which are derived from the observations, exhibits a 
similar pattern to MARIO, but somewhat over estimated the precipitation for the 
winter season (Fig. 8.6b). It seems that the 20 km run overestimates the summer P of 
land area. A plausible explanation is that, the total land area over our research is rela-
tively small, and the topographically forced precipitation has a significant influence 
over the complex water-land region, particularly in the summer as the local forcing 
plays an important role in precipitation genesis. On the other hand, no significant 
difference of land precipitation in the winter was found between these two studies, 
probably due to the fact that winter precipitation is mostly influenced by the synoptic 
systems. Jin et al. (2009) showed that, compare to CRU, the 20 km GCM has a better 
performance in capturing the land area precipitation. Hence, the coarse resolution 
models seem to be unable to capture the detailed precipitation information over such 
a small land area, i.e. only several grid points data can be obtained from the coarse 
data. The P-E curves suggest that both the land and the sea area of Mediterranean 
region will become more arid in the future, and the sea area will be experience even 
greater decreases in precipitation than the land area.

8.2.3.3  Comparing West and East Mediterranean

The quite different geographical positions of the western (WMS) and the eastern 
Mediterranean Seas (EMS), which neighbor the huge moist Atlantic Ocean on the 
west and the arid Middle East on the east respectively, make it interesting to com-
pare the moisture budgets in both.
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8 The Hydrological Cycle of the Mediterranean

Figure 8.7a shows not surprisingly, that the current (present climate) evaporation of 
the EMS is higher than that of WMS, with annual average values of 3.9 and 3.5 mm/day, 
respectively. This is probably due to the EMS being closer to the hot climate of the arid 
Middle East as well as the Indian monsoon, leading to significant subsidence over the 
EMS in summer as reported by Rodwell and Hoskins (1996) and further discussed by 
Ziv et al. (2004). It should be also noticed that the maximum evaporation for the EMS 
and WMS appears during the winter and autumn seasons. This result is consistent with 
Jin and Zangvil (2009), who employed NASA reanalysis data. For the current precipita-
tion, except for the central winter season (Dec-Jan), the average EMS precipitation is 
lower than the WMS (Fig. 8.7a), with the mean annual value of 1.5 and 1.8 mm/day, 
respectively. This result is probably related to the WMS receiving more moisture from 
the Atlantic Ocean than the EMS area. Another reason is that the northern part of the 
WMS is further north and therefore closer to the baroclinic zone. The P-E of the current 
day run for the EMS and WMS again indicates that the EMS is significantly drier than 
the WMS, especially during the summer and the autumn seasons (Fig. 8.7a).

Fig. 8.6 Mediterranean water cycle in 1979–2007(solid) compared to 2075–2099 (dashed) based 
on the MRI 20 km GCM. The seasonal cycles (3 months running mean) of precipitation (P), evapo-
ration (E) and precipitation minus evaporation (P-E) are shown (mm/day). The same CRU precipi-
tation for 1979–2002 is added for comparison. (a) Sea-only (b) Land-only
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Figure 8.7b shows the model projected changes of P, E and P-E over the water 
body of the EMS and the WMS between 1979–2007 and 2075–2099. The E changes 
show a dominant increasing E trend for both regions, except for some decrease of E 
for the WMS in the spring (March). The magnitude of E increase in the EMS is higher 
than that of the WMS, with the average values of +0.45 and +0.22 mm/day, respec-
tively. It is not clear why an E decrease is projected in the spring season for the WMS 
in the future. Another finding is that in spite of projected P-decrease in both the EMS 
and the WMS, the magnitudes in the WMS are higher than that of EMS with the mean 
value of −0.21 and −0.16 mm/day, respectively, except for the winter season (Fig. 8.7b). 
However, P-E still shows that the EMS becomes drier than the WMS in the future, 
with mean values of P-E changes, −0.61 and −0.43 mm/day, respectively. That means, 
that the already drier EMS is projected to become even drier compared to the WMS.

8.2.3.4  Change of River Discharge over Mediterranean Region

In order to obtain a more complete picture of the water cycle budget for the 
Mediterranean region, it is interesting to examine the projected changes of river 
discharges, although it has a close relation with the precipitation regime, especially 
for those main rivers flowing into the Mediterranean Sea.

Fig. 8.7 Sea area water cycles for western Mediterranean (dashed) and eastern Mediterranean 
(solid) based on MRI 20 km GCM. The seasonal cycle (3 months running mean) of precipitation 
(P), evaporation (E) and precipitation minus evaporation (P-E), is shown (mm/day). (a) Current 
(1979–2007) (b) Future (2075–2099) minus current
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8 The Hydrological Cycle of the Mediterranean

Fig. 8.8 Changes of runoff and river discharge by 1979–2003 compared to (2075–2099). (a) run-
off (b) river discharge. Six rivers are marked as Ebro (Eb), Rhone (Rh), Po (Po), Maritsa (Ma), 
Jordan (Jo) and Nile (Ni). Unit: (m3/s)
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Figure 8.8 shows the changes in the runoff over land and the changes in the river 
flow rates between future (2075–2099) and current (1979–2003) periods based on 
the MRI river model. Figure 8.8a shows a clear decrease of the runoff over the con-
tinent of the north Mediterranean region with a mean value of approximately 
−10 m3/s, primarily as a result of the decreasing precipitation in the region. As a 
consequence, the flow rate of most of the rivers over this area is decreasing (Fig. 8.8b). 
It is interesting to note that the river model also shows that the Nile River is projected 
to have an increased flow rate in the future. This is due to the projected increase in 
rainfall in the tropics discussed in detail by Kitoh et al. 2008a.

To further investigate the change of river discharge, several large rivers flowing 
into the Mediterranean Sea, were selected in a similar manner to MARIO. The rivers’ 
names and the countries where the estuaries are located are as follows: Ebro in Spain; 
Rhone in France; Po in Italy; Maritsa in Turkey; and the Nile River in Egypt. In addi-
tion, the Jordan River, as the only river which does not flow into the Mediterranean 
was selected in order to examine its change of flow rate at the estuary of the Dead Sea. 
The reason for doing this is that the Jordan River is not only the main water resource 
for the bordering countries in the East Mediterranean, but also a significant influence 
on the water balance of Dead Sea, and hence on life in this sensitive region.

Instead of calculating the mean flow rate of the rivers, only the flow rates at the 
estuaries for each river was examined because of our great concern for the potential 
variations in the river discharges into the Mediterranean Sea.

Figure 8.9 shows that except for the Nile River, a decreasing trend of monthly 
mean river discharges is projected for the future. The most dramatic decrease of 
river discharge is found for the rivers Ebro, Maritsa and the Jordan River. The 
decreasing magnitude of the annual average discharge for the rivers Ebro, Rhone, 
Po, Maritsa and the Jordan River are 108, 307, 146, 184 and 19 m3/s, corresponding 
to percentages of 46, 26, 18, 54 and 85% respectively. The decrease of discharge for 
the EM rivers Maritsa and the Jordan River is particularly large, i.e., even more 
than a half compared to the current rate. It should be mentioned here that, compared 
to the observed data, the current simulation of river discharge by the river model 
shows similar seasonal course from month to month. For instance, the Ebro River 
peaks in Mar/Apr and gets its minimum in Jul/Aug. However, the results from the 
river model underestimate the flow rate by a factor of two compared with the 
observed data except for the Nile River, where the deviation is much larger. Possible 
explanations for the error might be the simplified river model, which relies on the 
model estimation of the runoff, and the still relatively coarse spatial resolution of 
the river model. This error can be reduced to some degree when we focus on the 
difference of the river discharge between the future and the current. For further 
discussion on the Nile results see Kitoh et al. (2008b).

An increasing trend of discharge with the value of about 2,090 m3/s was calcu-
lated only for the Nile. It should be also noticed here that the river model does not 
take into account any anthropogenic influences into the model consideration. 
Therefore, there are additional discrepancies for the river discharge between the 
model and observed data. For example, the river discharge for the river Nile from 
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8 The Hydrological Cycle of the Mediterranean

the model is higher than the observed data due to the huge Aswan dam constructed 
across the river in Egypt (Kitoh et al. 2008b). In addition, the Nile is the largest river 
that flows into the Mediterranean, and it has a crucial role in the balance of the river 
discharges in the Mediterranean. However, as the model showed, the absolute value 
of increasing discharge from the Nile River only, is larger than the sum of all 
decreasing discharges from the other four rivers. Hence, it may seem that an overall 
surplus of river discharge was projected by this analysis. But, we should keep in 
mind, except the model errors mentioned above that there are numerous other small 
rivers over the European continent and isolated islands that flow into the 
Mediterranean, and all of those rivers are projected to experience a decrease in their 
discharge (Fig. 8.8b).

In agreement with this study, the MARIO study showed the decrease in river 
discharges for some rivers based on the observed data. Therefore, a future water 
deficit is projected over the Mediterranean. Moreover, research has shown that the 
salinity of the Mediterranean is increasing steadily from the observed data even in 
the recent decades (Millot et al. 2006). These results might caused by the com-
bined effect of decreasing P, increasing E and the deficit water discharge in the 
Mediterranean region.

Fig. 8.9 Changes of monthly mean river discharge of six rivers by (1979–2003) compared to 
(2075–2099). Except to the Jordan River, all rivers flow into the Mediterranean (m3/s). Bold lines 
( ) are for current climate, while dashed ( ) for the future
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8.2.4  Summary

The JMA 20 km grid global climate model data were introduced to make a comparison 
study with Mariotti et al. (2008) of the water cycle components over the Mediterranean 
region. On a large spatial scale, results from these two studies are similar to each 
other, but there are some important differences. Precipitation future decreases are 
projected by both studies, but the drop of precipitation both for land and sea from 
the 20 km resolution model is not as high (4% lower) compared to MARIO’s for the 
annual time scale. The seasonal cycle of precipitation, evaporation and precipitation 
minus evaporation over the land and sea area of the Mediterranean region from 
these two studies are similar. On the other hand, there are some significant differ-
ences between these two studies. For example, the water cycle change over the 
famous “fertile crescent” that is simulated quite well by the 20 km run compared to 
the coarser MARIO model; and the summer seasonal cycle of precipitation from the 
20 km run, which is larger than in MARIO, by a factor of about two. The comparison 
of the water cycle over the water bodies of the western and the eastern Mediterranean 
show that for the current climate, the evaporation of the eastern Mediterranean is 
higher than that of the western Mediterranean with an average value of 0.4 mm/day, 
with the opposite true for precipitation, i.e. less than in the WMS with an average 
value of 0.32 mm/day. For the future, the evaporation increases over the eastern 
Mediterranean are higher than for the western Mediterranean, with the average values 
of 0.45 and 0.22 mm/day respectively. The precipitation future decreases for the 
western Mediterranean are higher than that for the eastern Mediterranean, with the 
average values of −0.21 and −0.16 mm/day. The change in precipitation minus 
evaporation (P-E), shows that the eastern Mediterranean becomes even drier than 
the western Mediterranean.

Results from the river model indicate that most of the rivers over the north 
Mediterranean region decrease their flow rate in the future. Further study for some 
key rivers which flow into the Mediterranean Sea shows that, some rivers, such as 
the Ebro in Spain, and the Maritsa in Turkey, become much drier in the future. 
Notably, the discharge of the Jordan River to the Dead Sea decreases by a very high 
value of 85% projected by the model.

It can be concluded from these two studies that a drier climate transit might be 
inevitable over the Mediterranean by the end of twenty-first century. Hence, a water 
crisis may become a big challenge in the future for the study area.

8.3  Multi-model Changes in Evapotranspiration, Precipitation 
and Renewable Water Resources

8.3.1  Introduction

The increases in temperature that are projected to occur right across the 
Mediterranean region over the coming decades will impact upon all aspects of the 
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8 The Hydrological Cycle of the Mediterranean

region’s hydrological cycle and hence upon the potential available water resources 
in this highly water-sensitive region. To make assessments of how the water 
resources around the Mediterranean basin may change in the future as a result of 
climate change, it is necessary to consider the inputs and outputs of the system and 
how they may interact to affect runoff.

The IPCC Fourth Assessment Report describes a high degree of consensus 
between the global climate model (GCM) projections of change over the 
Mediterranean (IPCC 2007a WG1 Chapters 10 and 11; IPCC 2007b WG2 Chapters 
9 and 12), not only in temperature change, but in precipitation and other aspects of 
the hydrological cycle. Generally, the GCMs are indicating warmer and drier condi-
tions to come as we move through the twenty-first century. However, uncertainty in 
the projections is acknowledged, particularly in the model representation of large-
scale modes of variability that affect Mediterranean climate such as the North 
Atlantic Oscillation, and how these may change in the future.

Global models provide large-scale patterns of change over the region, but the cur-
rent generation of GCMs cannot be expected to represent the fine detail required for 
impacts assessments. The Mediterranean is a geographically complex region in its 
distribution of land and sea, as well as topography. Regional or enhanced-resolution 
climate models provide an important means by which possible finer-scale changes can 
be assessed. The uncertainties in patterns, magnitude and timing of the large-scale 
changes simulated by the global models are transferred to the regional climate models 
(RCMs) through the boundary conditions. The RCMs then add a further layer of com-
plexity in their finer-scale representation of the topography and coastline, and features 
of the weather and climate. Therefore, even in a region where there is general consen-
sus between the global models, it is essential to consider a range of regional climate 
model projections of change. Of course, consensus does not in itself imply confidence, 
although for the Mediterranean region many of the features and changes in climate 
simulated by the GCMs are understood physically. To drive understanding both of 
how the regional climate may respond to increasing greenhouse gases in the atmo-
sphere and how the models simulate the changes, it is advisable to look at a number 
of models if possible. Through the CIRCE project and associated activities, output 
from a number of high-resolution models has been made available for analysis.

This section reports on five climate model projections of changes in aspects of 
the hydrological cycle for the Mediterranean region. Three of these models have an 
interactive Mediterranean Sea, and two are versions of the Met Office Hadley Centre 
regional model with different land surface schemes (see below). The focus is upon 
changes in evapotranspiration, and how these changes could be important in con-
trolling available renewable water resources (runoff). It will highlight areas of con-
sensus between the models, and areas of disagreement.

8.3.2  Models and Methods

The regional models used in this study are as follows: ENEA (Italian National 
Agency for New Technologies, Energy and Sustainable Economic Development), 
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MPI-HH, (hereafter referred to as MPI; Max Planck Institute for Meteorology), and 
the HadRM3-MOSES1 and HadRM3-MOSES2 (Met Office Hadley Centre).  
In addition, the output from the Météo-France model was used, which is a global 
model with enhanced resolution over the Mediterranean region. The ENEA, MPI 
and Météo-France models are described in detail in Part1 of this Book. The HadRM3 
models are not described there, and so a description follows here.

HadRM3 is the UK Met Office Hadley Centre’s regional climate model. Nested 
within the HadCM3 global model, it was run over the Europe domain – including 
the Mediterranean – at a spatial resolution of approximately 25 km. Global model 
HadCM3 (Gordon et al. 2000) has an atmospheric resolution of 2.5° latitude × 3.75° 
longitude and 19 levels the in the vertical, while the ocean has 20 levels at 1.25° lati-
tude × 1.25° longitude resolution. The versions of HadRM3 used in this study were 
based on the same global model as used to provide the driving boundary conditions, 
with consistent parameter settings. Simulations ran over the 1960–2050 CIRCE 
time frame under the SRES A1B emissions scenario. The two versions of HadRM3 
differ in their land surface scheme, which was updated from MOSES1 (Met Office 
Surface Exchange Scheme version 1, Cox et al. 1999) to MOSES2 (version 2, 
Essery et al. 2003). The original land surface scheme, MOSES1, represents each 
grid box as an area-average land surface type (calculated from observations) and 
associated physical exchanges and parameterizations are also calculated as area-
weighted averages. In order to improve the variations in the land surface types, the 
Met Office developed a “tiled” surface scheme, MOSES2, which allows for sub-
grid scale variations at the model surface. Each model grid box is composed of a 
varying mix of nine surface types (five vegetation and four non-vegetation). The 
transport of heat and water is then calculated explicitly for each surface type, and 
then averaged using blending height techniques to give grid box values. This consti-
tutes an improved treatment of the surface exchanges.

For ease of comparison, the models were all placed on a regular latitude-longitude 
grid, which required regridding in most cases. Where regridding was necessary, the 
size of the gridboxes was kept close to the native resolution. The global Météo-
France model had the coarsest resolution of the models under analysis here, at 0.5° 
latitude-longitude, and the other four models were regridded to a 0.25° latitude-
longitude grid. The same domain was extracted for each model (10°W–41°E; 
27°N–49°N) for further analysis. Some modification to the data would have taken 
place through the regridding process, but the focus of this analysis is primarily on 
broad patterns of change, which should not be affected.

The majority of the results presented here are based on analysis of differences 
between future decadal means up to 2050 relative to a 30-year baseline climatology 
(1961–1990). This allows the largest signal owing to climate change to be displayed, 
although it should be noted that the decadal means are more subject to the noise of 
interannual climate variability.

Due to some inconsistencies in the diagnostics available for each model, the 
evapotranspiration variable has been taken from the ENEA model, while from 
the other models, the latent heat flux, converted to a moisture flux (mm/day) using 
the latent heat of vaporization, was used as a proxy for evapotranspiration.
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8 The Hydrological Cycle of the Mediterranean

8.3.3  Spatial Changes in Precipitation and Evapotranspiration

The maps in Figs. 8.10a, b show annual and seasonal 2041–2050 anomalies relative 
to the 1961–1990 baseline for precipitation and evapotranspiration, land areas only. 
On the broadest scale, they are consistent with the changes projected in the AR4 
models, for a move towards reduced rainfall and evapotranspiration by the middle 
of the twenty-first century.

At the annual mean scale (Fig. 8.10a), the models show a fairly consistent picture 
of reductions in rainfall around the Mediterranean, particularly in the Iberian penin-
sula, North Africa of the western basin, parts of southern France, Italy, parts of 
Greece, western and southern Turkey, and coastal Middle East. There are also some 
regions of model disagreement in the sign of the change, including northern Turkey, 
the coastline from Croatia to Albania, and parts of southern France. But even where 
models agree in the sign of the change, there are variations in the magnitude. The 
two HadRM3 models and the MPI model project larger changes than the other two 
models. In general, anomalies in all aspects of the water cycle in the Météo-France 
model are smaller than the other models. This is likely to be related in part to the 
coarser resolution of this model, which does not produce the high rainfall associated 
with the complex orography that is better represented in the finer resolution models 
(Hemming et al. 2010). In addition, the temperature response to increased atmo-
spheric greenhouse gases is not as large in the Météo-France model, and therefore 
the response by the hydrological cycle would likewise be expected to be lower mag-
nitude. During the winter, there is a broad north-south split in the sign of the change, 
at least in the ENEA and the two HadRM3 models, with wetter conditions to the 
north and drier to the south. There is general consensus between the models that the 
greatest declines in rainfall around the Mediterranean are projected for the spring 
and summer seasons. Excluding the very dry desert areas, the largest percentage 
decreases are projected for southern Spain, Italy (excluding the Météo-France 
model, in which changes are relatively small and mixed in sign) and southern and 
western Turkey. These patterns of change are broadly consistent with those found in 
the high-resolution JMA model described in Sect. 8.1.2. Rainfall is projected to 
decline across large areas by over 20% in all of the models, although in the Météo-
France model, the central part of the northern Mediterranean domain, such as over 
southern Italy and Greece, has areas of increase as well as decrease. In pockets of 
Turkey, the eastern Mediterranean, Italy and Spain, projections from the MPI, 
HadRM3-MOSES2, HadRM3-MOSES1 and ENEA models are for decreases in 
summer rainfall of 50% or more.

The pattern of change in annual mean evapotranspiration (Fig. 8.10b) by the 
2040s relative to the baseline is similar to, but smaller in magnitude than, the pre-
cipitation changes. Where projections are for reductions in rainfall, evapotranspira-
tion also declines. Winter anomalies are small while cooler temperatures keep 
evapotranspiration at low levels. But as temperatures build during spring and evapo-
transpiration increases, larger anomalies can develop. There is inter-model consis-
tency in the pattern of anomalies across the domain with greater evapotranspiration 
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to the north, probably related to the increasing temperatures, and lower to the south. 
This pattern is replaced during summer with more widespread and much more 
intense reductions in evapotranspiration around the Mediterranean Sea, particularly 
on the northern side. Increases in evapotranspiration persist further north. These 
summer patterns of change are again similar to those simulated by the high-resolution 
JMA model (Sect. 8.1.2). The HadRM3 models display the most widespread and 
some of the higher magnitude reductions, but there are strong reductions in the MPI 
model as well, particularly in the Iberian Peninsula, the coast of southern France, 
Italy, western Turkey and Morocco. Again, there is a more mixed picture presented 
by the Météo-France model, with some parts of the region, such as the Croatia to 
Greece coastline, projecting increases in evapotranspiration. However, there are 
regions such as Italy, the Iberian Peninsula and parts of North Africa and Turkey that 
show consistent decreases across all models.

8.3.4  Hydrological Controls on Water Resource

In such a water-sensitive region, understanding how water resources may change 
over the next decades is of critical importance. By examining runoff in the models, 
and the relationships between system inputs and outputs – precipitation and evapo-
transpiration – a number of objectives can be achieved. We can analyze how these 
quantities are projected to change and therefore gain understanding of what is con-
trolling the changes in runoff. In addition we can compare the models, improving 
understanding of how the models are simulating the hydrological cycle and helping 
to identify areas where model development is required.

By considering the ratio between the evapotranspiration and precipitation (E/P 
ratio), we can assess which is the dominant control over runoff – the renewable sup-
ply of water – through the year, and how this may change in the future. There is 
strong inter-model agreement that during the majority of the year, precipitation 
dominates the E/P ratio, and therefore the water resource available through runoff. 
In summer, however, the evapotranspiration dominates over precipitation, which is 
a well-known characteristic of the Mediterranean region (e.g. Mariotti et al. 2002). 
Two of the limitations upon evapotranspiration are temperature and the availability 
of surface water. Given limitless water supply, the higher surface temperatures of 
the summer months should bring about greater evapotranspirative fluxes. In the 
Mediterranean region, evapotranspiration increases with rising temperatures through 
the spring and into summer, becoming the dominant term in the E/P ratio. Then, as 
summer progresses, evapotranspiration declines, first because of the limiting factor 
of reduced water availability from reduced rainfall during the same season, and 
second as the seasonal cycle of temperature takes a downward trajectory.

In a similar way, the controls on the changes in runoff in the future can be 
explored via the ratio between changes in evapotranspiration and changes in pre-
cipitation (DE/DP ratio). If the ratio is greater than one, it indicates that DE is the 
dominant term, and conversely if it is less than one, DP is dominant. The sign of the 
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8 The Hydrological Cycle of the Mediterranean

Fig. 8.11 Seasonal DE/DP ratio in 2041–2050 relative to the 1961–1990 baseline. As before, row 
1: ENEA; row 2: MPI; row 3: Météo-France; row 4: HadRM3-MOSES1; row 5: HadRM3-
MOSES2. Values greater than |1| indicate that DE is the dominant term, and values less than |1| 
indicate that DP is the dominant term. Positive values show where DE and DP are working together 
in terms of their effect on runoff

DE/DP ratio demonstrates whether the two terms are acting together or against one 
another in terms of the effect on runoff. For example, if precipitation is decreasing 
while evapotranspiration is increasing, they both act to reduce runoff. Conversely, if 
evapotranspiration is also decreasing, it would oppose the change in precipitation 
with respect to the effect on runoff. For this part of the analysis, the sign of the 
evaporation term is multiplied by −1 such that the moisture flux has the same direc-
tion as precipitation. Therefore, a positive sign indicates that DE and DP are both 
acting in the same direction with respect to change in runoff. Figure 8.11 shows the 
DE/DP ratio for the 2041–2050 decade in relation to the 1961–1990 baseline. During 
much of the year, DE/DP < |1|, indicating that simultaneous changes in runoff are 
dominated by the changes in precipitation. In the summer season, however, the 
change in evapotranspiration is dominant across large parts of the Mediterranean 
domain, marked by a ratio of above one. The negative sign of the ratio across most 
of the region through much of the year demonstrates that the changes in precipita-
tion are acting against changes in evapotranspiration in terms of their effect on run-
off. This can be explained in part through the availability of water, as described 
above. When rainfall decreases, there is less water to evaporate, and vice versa. 
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However, particularly in the spring season, there are large areas of the northern 
Mediterranean region where the DE/DP ratio is positive. This highlights areas where 
rainfall is declining, but evapotranspiration is increasing owing to rising tempera-
tures and sufficient available water. Changes in both terms act to reduce runoff, and 
so it is in spring that runoff is most highly sensitive to climate change.

Maps of change in precipitation–evapotranspiration (DP–DE) (Fig. 8.10c) dem-
onstrate how runoff would be expected to change if just controlled by simultaneous 
changes in rainfall and evapotranspiration. Spring (March to May) stands out as 
being the season of the greatest reductions in DP–DE in the Mediterranean region 
across all of the models, changes which are largely reflected in the model runoff. 
Summer season (June to August) changes in model runoff are relatively small 
(Fig. 8.10d). Even though there are strong reductions in precipitation, reductions in 
evapotranspiration are as large or often larger. Soil moisture provides plants with 
transpirable water, and lower soil moisture brought by reductions in precipitation 
have nonlinear effects on the stomatal conductance and hence transpiration of 
the plants. The DP–DE term is positive across large areas of the Mediterranean, 
suggesting that runoff should increase. The fact that changes in model runoff 
does not change or decreases a little indicates that the water storage component 
(soil or canopy moisture) in the model plays a role in modifying runoff, and may 
allow for lags within the system. There are large differences between DP–DE and 
change in runoff at the seasonal time scale, but these are small at the annual time 
scale, which supports the possibility that time lags exist with the model system.

We can examine in greater detail how the seasonal cycle of rainfall and evapo-
transpiration compare between the models, and how they are projected to change 
in the future. Monthly mean precipitation and evapotranspiration for the baseline 
period and future decades were area-averaged across boxes of 10° longitude × 5° 
latitude (land areas only) across the Mediterranean region. South of the Mediterra-
nean Sea, values of both P and E throughout the year are very small (<1 mm/day, 
except in coastal North Africa of the western part of the domain, where higher 
levels of rainfall permit greater evapotranspiration). Therefore a region to the north, 
where precipitation and evapotranspiration are larger, was selected to demonstrate 
how the seasonal cycle is projected to change through time (Fig. 8.12). The relatively 
large size of the region across which the P and E terms were averaged was intended 
to display broad-scale messages about the seasonal cycle and changes through 
time. On the other hand, it is likely that in places, the signal could be obscured 
through the influence of finer-scale variations in seasonal cycle characteristics 
and patterns of change. In the region displayed in Fig. 8.12, (approx. 10°E–20°E; 
40°N–45°N) which covers much of Italy and the coastal region from Croatia to 
Albania, there was consistency between the models in the projected changes to the 
seasonal cycle.

It is immediately clear that the models do vary in the quantity and seasonal cycle 
of rainfall and evapotranspiration in this region, (particularly in the case of the 
Météo-France model (Fig. 8.12c), which shows a much less pronounced seasonal 
cycle in precipitation) but also that there are common features between the models. 
During winter, rainfall is relatively high, falling to a minimum in summer and rising 
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8 The Hydrological Cycle of the Mediterranean

Fig. 8.12 Monthly mean precipitation (blue) and evapotranspiration (orange) for the 30-year 
1961–1990 baseline overlaid with decadal means from 1990s to 2040s. The baseline is marked in 
the palest shade, with the decadal means in progressively darker shades through time – 2040s 
precipitation is in the darkest blue and 2040s evaporation in the darkest orange. These are area-
average means across a 10° longitude × 5° latitude box, approx. 10°E–20°E; 40°N–45°N. in each 
model: (a) ENEA; (b) MPI; (c) Météo-France; (d) HadRM3-MOSES1; (e) HadRM3-MOSES2
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again through autumn. Evapotranspiration in each case follows a roughly opposite 
seasonal cycle. During winter, when temperatures are low, evapotranspiration is at 
a minimum, rising to a peak during June, before declining again. The minimum in 
rainfall occurs approximately a month or two after the maximum in evapotranspira-
tion. Even though precipitation is declining during the spring season, the soil 
moisture store provides sufficient water such that it is not a limiting factor on evapo-
transpiration, which continues to increase as temperatures increase until June. 
In summer, as the soil dries out, the reduction in availability of transpirable water 
begins to limit the rate of evapotranspiration.

Figure 8.12 shows how the seasonal cycle changes for both variables, starting 
with the 1961–1990 thirty-year baseline in the palest shade, overlaid with decadal 
means in progressively darker shades to 2050. The decadal monthly mean rainfall 
has a noisy signature, affected by interannual variability, but the trend towards drier 
conditions in the summer months is discernable. The models tend to project a move 
towards dry conditions earlier in the year, again highlighting the spring transition 
months as sensitive to change. As water available from rainfall reduces, so too does 
the evapotranspiration, resulting in the progressive decline in summer quantities 
visible in each of the models in Fig. 8.12.

There is a recognized role for soil moisture in controlling rainfall via moisture 
made available through evapotranspiration. Anomalous drying of the soils during 
spring can inhibit evapotranspiration and hence moisture available for precipitation 
in the summer season. Positive feedbacks between soil moisture and precipitation 
anomalies can then develop in summer to enhance any initial drying (Kendon et al. 
2009). While the analysis carried out in this multi-model study illustrates potential 
mechanisms for changes rather than diagnoses them, previous climate model exper-
iments have been designed to partition the influence of different summer drying 
mechanisms in the Mediterranean region. Using a European RCM version of cli-
mate model HadAM3P, Rowell and Jones (2006) find that springtime soil moisture 
anomalies play an important role in changes in summer rainfall, while the summer 
soil moisture feedback is less so, but acts to enhance other drying effects. They also 
assess the reliability of the future decline in summer rainfall and note the impor-
tance of good representations of the physical process involved. Representing these 
soil moisture to rainfall mechanisms would rely on the models at their current reso-
lution being able to simulate the full process: the transfer of moisture from the sur-
face to the boundary layer, and from there to the formation of cloud and rain (Rowell 
and Jones 2006). In addition, there may be fine sensitivities or threshold behavior in 
the system connecting evapotranspiration with convective rainfall (Millán et al. 
2005) that are poorly understood, or not represented within climate models. Further 
work could be done to determine the locations and temporal and spatial resolutions 
at which these would be important processes in comparison with other influences. 
Improvements in this area may be important not only in simulating mean rainfall 
and future trends, but also when considering rainfall characteristics such as inten-
sity, location and timing. Future changes in variability and extremes in rainfall may 
have profound impacts upon a number of sectors including water resource manage-
ment, even where mean changes are small (Kendon et al. 2009).
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8 The Hydrological Cycle of the Mediterranean

8.3.5  Summary

Consistent with the global model projections, each of the five high-resolution models 
simulate higher temperatures and reduced evapotranspiration and precipitation for 
much of the Mediterranean region by the middle of this century. The strongest and 
most widespread reductions in precipitation projected to occur in the spring and 
summer seasons, while reductions in evapotranspiration are most severe in sum-
mer. As higher temperatures in all cases are projected for the 2040s, which should 
act to boost evapotranspiration, the decline is likely to be due to lack of available 
water.

Although there are discrepancies between the models in the patterns and magni-
tude of change, there are broad areas of consensus, including large summer reduc-
tions in both precipitation and evapotranspiration in the Iberian Peninsula, coastal 
southern France, Italy, southern and western Turkey, and parts of North Africa. 
From the perspective of renewable surface water resources (runoff), these negative 
anomalies in both evapotranspiration and precipitation have opposing effects, with 
the result that runoff anomalies in this season are relatively small. However, during 
spring (March to May), when seasonally increasing temperatures combined with 
sufficient surface water promote increased evapotranspiration, precipitation is 
beginning to decline earlier than in the baseline period. It is in the spring season that 
runoff appears to be most sensitive to climate change, particularly across the north-
ern Mediterranean region, when the largest seasonal reductions are experienced in 
all models. These changes could have important implications for water dependent 
sectors in the region such as rain-fed and irrigated agriculture (Book Chapter on 
agriculture) and the natural vegetation, which could in turn feed back on the local 
climate system.

There remain many questions arising from this analysis, several of which are 
related to how the models simulate important processes affecting the water cycle 
across the Mediterranean. While there are some consistent messages in the model 
results, there exist differences as well, both in the baseline climatologies and the 
patterns and magnitude of changes. Even in places where there is broad agreement 
in the pattern of change, fine-scale differences can lead to very different projections 
for particular locations around the Mediterranean. What are the reasons behind 
model disagreement? Are they related to large-scale conditions or small-scale varia-
tions? For example, the control of soil moisture over evapotranspiration is a source 
of large uncertainty where relatively small biases in baseline soil moisture climatol-
ogy can potentially translate to large changes in projections of future evapotranspi-
ration. Of course, inter-model disagreement can point to deficiencies in our 
understanding of existing processes in the Mediterranean and hence our modeling 
of such processes, and it highlights the continued need for more observational 
studies.

Finally, there are questions related to how these results may be used to inform 
water resource management and adaptation decision-making, and if and how cur-
rent practices would need to change in order to become sustainable.
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8.4  Final Conclusions

The water cycle components over the Mediterranean both for current and future 
runs are studied with different global and high-resolution regional models yielding 
the primary following conclusions:

The projected mean annual change rate of precipitation (P) for the Mediterranean 
for the end of this century (21st) for both sea and land, are of about −10%. In pockets 
of Turkey, the eastern Mediterranean, Italy and Spain, projections from the high-
resolution models are for even larger decreases in summer rainfall that reach 50% 
or more.

Projected changes for evaporation (E) are increasing over sea by the order of 
7–9% and decreasing over land by about 4–8%. The net moisture budget, P-E, 
shows that the eastern Mediterranean will become even drier than the western 
Mediterranean. The river global and regional models all agree about significant 
decreases in future water inflow to the Mediterranean of as high as about 40% 
(excluding the Nile).

Furthermore, the Palmer Drought Severity Index (PDSI), which reflects the com-
bined effects of precipitation and surface temperature changes, shows a progressive 
and substantial drying of Mediterranean land surface over this region since 1900 
(−0.2 PDSI units/decade) consistent with a decrease in precipitation and an increase 
in surface temperatures.

Consistent with the global model projections, all the high-resolution models ana-
lyzed in this study simulate higher temperatures and reduced evapotranspiration and 
precipitation for much of the Mediterranean region by the middle of this century. 
However, the strongest and most widespread reductions in precipitation projected to 
occur in the spring and summer seasons, while reductions in evapotranspiration are 
most severe in summer.
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